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PREFACE 


the purpose of this investigation is to study the factors to b© con¬ 
sidered in forecasting stratus at Monterey, California, during the summer 
months* The investigation covers the period May - August 1948. The 
material used includes the following! Hourly Seoord of Weather (0400 « 

2000) U.S.H.A.A.S., Monterey, Oakland Raobs (two daily at 0300 and 1600 
G.C.T.), 0430 P.S.T. Synoptic Weather Maps drawn at U.S.B.A.A.S., Monterey. 

• '•' •’ 11 1 -.V ’ »• '■ ’ * . ' . * * 

I wish to express my appreciation to Dr. George J. Haltiner, Associate 
Professor of Meteorology, Haval Postgraduate School, Monterey, California, 
for his assistance and guidance in preparing this paperj to the Flight 

Advisory Weather Service, Oakland Airport, Oakland, California, for furnish- 

> 

ing Raobs for the investigation! and to the personnel of the Aerological 
Department of the Haval Air Station, Monterey, California, for their 
oooperation in furnishing the necessary observational data* 
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CHAPTER I 


IHTRODUCTIOH 

The principal forecasting problem in the Monterey area during the 
summer months is the prediction of the stratus cloud or "high fog" which is 
such a familiar feature of the weather in this region. Figure I shows the 
hourlyfrequency of occurrence of Instrument conditions due to stratus at 
the Maval Air Station, Monterey, during the summer of 1948. It is signif¬ 
icant that stratus restricts air operations considerably during the morning 
and evening hours. 

Figure II is a map of the Monterey area, showing the location of the 
station with respect to orographic barriers, coastline, and adjacent water 
areas. It is of particular importance that any trajectory having a westerly 
component will be over water. Flow from north to north east will have a 
down-slope path to the north shore of the bay and then have an overwater 
fetoh to Monterey. Horth easterly to southerly flow will have traveled over 
land for a considerable distance. The highlands on the southern shore of the 
bay frequently prevent adveotion fog from reaching Monterey when Carmel 
and Fort Ord are closed In* 

Many papers have been written on the subject of "California Fog", the 
majority of them dealing witti the problem as it exists in Southern California. 
Coe of the objects of this paper is to show the degree of applicability of 
results obtained in other areas to the problem at Monterey. A bibliography 
of references used in this investigation is presented at the end of the paper. 

All references consulted concm* generally on the following explanation 
of the vertical structure of the atmosphere which predominates during the 
stratus season. Figure III represents a typical sounding during the occur¬ 
rence of stratus. In the summer months the surface layer over the California 
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coastal regions consists of moist maritime sir bounded at the top by a 
subsidence inversion* this layer is referred to in the literature as "the 
maritime layer" or "the moist layer"j both terms mill be used interchangeably 
In this paper. On most soundings examined in this research the maritime 
layer was characterised by a near-dry-adiabatic lapse rate, A-B. This is 
caused by turbulence and surface heating which, but for the inversion, would 
reaoh to high levels and produce cumulus clouds* The inversion limits the 
vertioal extent of these clouds and causes them to be stratiform in appear¬ 
ance dispite their convective origin* The subsidence causing the inversion 
is due to frictional outflow from the eastern lobe of the Pacific high* 

Some of this subsidence may also be due to the equatorward flow of air In 
this region (Neiburger, 4). It has been shown (Neiburger, 4) that the upper 
boundary of the stratus is the ba3Q of the inversion, BI. Unless otherwise 
specified "height of inversion" refers to the height of the base of this 
inversion. The base of the cloud should theoretically be near the mixing 
condensation level of the layer* MCL. As the MCI* is difficult to determine 
and forecast, most papers relate the height of the oloud base, BC, to the 
condensation level of the surface partioles, lifting condensation level, LCL 
(Neiburger, 5, Beers, 1)* The relationship between these items may be seen 
cm Figure III* On this sounding the base of the oloud is indicated by the 
sharp change to a moist adiabatio lapse rate. Observation at the time of 
this sounding showed a stratus deck with the base approximately as indicated 
in Pigure III. It has been demonstrated (Neiburger, 5) that radiation from 
the moist layer is not sufficient to maintain or even tend to maintain the 
inversion* Radiation from a oloud deck once formed, however, will tend to 
maintain the inversion (Neiburger, 4). 

The chief oause of the breaking of stratus is heating from below due 
to insolation. It has been shown (Erick, 2) that with suoh heating A-B 
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mores to position 3-2* the base of the cloud follows path 1*2, and the 
energy necessary for this is represented by area A-1-2-3. Adveetion of 
warm air and lowering of the inversion also tend to put the condensation 
level above the Inversion and thus dissipate the stratus. Surface cooling 
may have a dissipative effect if it produces a stable lapse rate In the 
marine layer and prevents the upward transport of moisture. Cooling by 
adveotion or radiation will tend to form stratus if it is accompanied by 
turbulent mixing. From the above it appears that there are three interrelated 
faotors in the formation and breaking of California stratus* (1) temperature 
of the base of the inversion, (2) the mixing ratio of the marine layer, (3) 
the height of the base of the inversion. In any forecasting of stratus these 
items must be predicted whether the method used specifically mentions them 
or not* 

This paper is divided into two parts. The first part deals with the 
effect of general circulation on the formation of stratus without directly 
considering the above critical items. The second part is a discussion of 
the vertical structure of the atmosphere during the summer and the relation¬ 
ship of this structure to the formation and dissipation of stratus thus 
following the classical pattern established in most references on this 
subject* 
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CHAPTER II 


RELATIONSHIP BETWEEN LARGE SCALE CIRCULATION 
AND STRATUS AT MONTEREY, CALIFORNIA 

During the summer months, this area cornea under the domination of two 
quasi-permanent pressure systems} the eastern lobe of the Pacific high, 
and the thermal low centered over the South Western United States, In 
order to study the relationship between large scale circulation and stratus 
the following variates were established* (1) Cl, cloud index, the number 
of equivalent hours of overcast conditions in the period 0400-2000 F.S.T, 
(2) ppL, the 0430 P.S.T. pressure at the intersection of the trough line 
of the S.W. United States* low and the 120th. meridian, (3) IppL, the 
latitude of ppL, (4) ppB, the 0430 P.S.T. pressure at the intersection of 
the wedge line of the eastern lobe of the Pacific high and the 130th* 
meridian, (6) IppH, the latitude of ppH. Th© correlation coefficient?, 
r, between these variates were computed for 11? oases, and are as follows* 
Cl and ppL —*38 


Cl and lppl ... less than .1 

Cl and ppB ............. less than *1 

Cl and IppH ....... .. *12 

Cl yesterday and Cl today .. *46 

Multiple r Cl on ppL and IppL.. *386 

Multiple r Cl on ppL and Cl yesterday .......* .51 


The regression of Cl today on Cl yesterday is shown on Figure IT* This 
shows that weather systems are slow to change in this area and that persis- 
tanoe should be considered in forecasting. Figure V shows the distribution 
of Cl with respect to ppL, together with an indication of the effeot of 
persistence. The correlation coefficient of .61 for this distribution gives 
a standard error of estimate of 4.60 hours of equivalent overcast. The mean 
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of this diagram is 7.18 hows, and the standard deflation is 8.21 hours. 

A regression equation based on Figure V is not a practical forecasting 
tool because it would give nearly as large an error as forecasting the 
mean. Figure V does give a good qualitative picture of the occurrence of 
stratus in spite of the low value of r. fhe clear days show good grouping 
about values of ppL greater than 10, and the cloudy days about values less 
than 10. Persistence also shows good grouping with most oloudy days being 
preoeded by comparatively cloudy days and clear days by comparatively dear 
days. The partly cloudy days, however, are evenly divided both ns to 
pressure end as to persistence, thus making the correlation low* 

From the above correlations it appears that the thermal low dominates 
the circulation in the Monterey area during the summer. The large number 
of variables involved make it difficult to establish sound theoretical 
reasons for the distribution shown in Figure V. It is to be expected that 
the large soale circulation does control all those factors involved in 
the stratus problem. The small magnitude of the correlation coefficients 
may be ascribed to local effects not included in the large scale features 
of the daily surface map. The local wind has considerable effect on the 
occurrence of stratus as is shown in Figure 71. Due to the non-linearity 
of thie distribution no correlation coefficient was computed. The column 
means have been connected by straight lines to show the nature of the 
distribution. It appears that a necessary, but not sufficient, condition 
for clear days is an easterly to southwesterly wind from 0400 to 0500 in 
the morning. On the other hand, a necessary, but not sufficient, condition 
for oloudy days is a southwesterly to northwesterly wind during the same 
period. The dual role of southwesterly winds is explained by the coast lino 
extending in this general direction. The partly cloudy days again show 
considerable dispersion. Figure 71 represents only adveotive items. Oloudy 
or clear days would require ideal conditions throughout and show good grouping 
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about any one factor* Partly cloudy days represent a modification of ideal 
conditions for one state of cloudiness to ideal conditions for mother 
and thus show considerable dispersion about any one item. It is to be 
noted that cloudy and partly cloudy days are characterised by cloudy con¬ 
ditions at 0S00 and clear days by clear conditions. If stratus does not 
form or maintain at nighty conditions rarely permit formation during the 
day. If it does fora or maintain at night, the balance of formative and 
dissipative effects determines the state of cloudiness during the following 
day. This balance of effocts is discussed in Chapter III. 



CHAPTER III 


THE EFFECT OF "VERTICAL MOISTURE AND TEMPERATURE DISTRIBUTIQS 
OH STRATUS AT MONTEREY, CALIFORNIA 

In the discussion of Figure III, it was shown that certain items 
should he critical in the formation of stratus. The day to day variation 
of some of these is presented in Figure VII* The 0800 P.S.T. surface mixing 
ratio, qg, and temperature, t Q , are plotted along the top of the diagram. 
These are important in that they are to some degree a measure of the amount 
of water vapor available for formation of stratus* Inspection of these 
curves indicates that a major part of the mixing ratio variation is due 
to evaporation since the qg curve tends to follow the tg curve* Advection 
and divergence are interrelated with temperature in the variation of qg. 

As a check of advective change of qg the variation in dew point between 1200 
one day and 0800 the next was determined and compared with the 0400-0500 
surface wind* The results of this check are presented in Table 1* 


TABLE 1 


Flow 

Average Change 
ln *d0 

Maximum 

Mnimiura 

9 

easterly 

—4*2 deg* f 

-12.0 deg. f 

2.0 deg. f 

21 

calm 

—4*0 dog* f 

-11.0 dog. f 

2.0 deg, f 

13 

westerly 

—2*4 deg* f 

- 5.0 deg. f 

3.0 deg. f 

26 


The difference in dew point was also oompared with wind speed. The distri¬ 
bution is shown in Figures VIII and IX. In Figure VIII, the trend for greater 
drop in dew point with larger wind speed is evident. The correlation is low, 
however, and of only qualitative value* In Figure IX, it may be seen that 
the mean change in t^g does not vary much with wind velocity when the wind 
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is westerly. 

The height of the LCL was computed from tho 0800 P.S.T. dew point 
depression (Beers, 1) 

ML 9 SOOfto-tdo) 

LCL in ft• and temperature in deg* f« This formula assumes a dry adiabatic 
lapse rate in the marine layer, a mean layer temperature of 280 deg* K*, 
and a constant moisture content at all levels of the layer equal to that 
at the surface* The WL is probably a better estimate of the actual conden¬ 
sation level, but this requires a sounding taken over the station. In spite 
of these assumptions, the plot of 0800 P.S.T. cloud height follows the LCL 
curve with fair approximation. Figure X shows the distribution of cloud 
height with respect to LCL. The correlation coefficient of this diagram 
Is *61 and the standard error of estimate is 898 ft. The regression equa¬ 
tion of height of clouds on LCL is 

BO S .774 LCL 4- 410 

BC and LCL in ft. Tho average difference between LCL and BC is -279 ft. 
There is no correlation between (LCL-BC) and BX, although (LCL-BC) shows 
a tendency toward greater dispersion with large values of BX. This is to 
be expeoted as the assumptions made in using the LCL as an approximation 
to the actual condensation level should bo less applicable for thick layers 
than for thin layers. The tendency for the LCL to be lower than the base 
of the clouds is probably due to the decrease of q with altitude. 

The height of the base of the inversion on the 0700 P.S.T., Oakland 
sounding is also plotted on Figure VII • The area between BI and LCL is 
shaded for emphasis. Large values of (8I-LCL) correspond to cloudy days 
and small values to dear days. The correlation coefficient of Cl and 
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Figure XE 

Cloud Index, Cl, vs (BI-LCL) 


Cl 



(BX-LCL) is .58. This distribution is shown in Figure XI* Values of 
(BI-LCL) greater then 3000 ft* were omitted end cases of no inversion were 
treated as (BI-LCL) 0* The regression is more reliable below 2600 ft. 
than above. The regression equation is 

01 - *404 (BI-LCL)+3,44 

with (BI-LCL) in hundreds of feet. The standard error of estimate is 4.4 
hours of equivalent overcast. 

Clearing of stratus may be effected by lowering the base of the inver¬ 
sion below the condensation level, (divergence and subsidence in the lower 
layer)| by raising the condensation level above the base of the inversion, 
(by surface heating or advection of warm, dry air)f and by the establishment 
of a stable lapse rate in the marine layer so that moisture is not carried 
upward (surface oooling). One or more of these processes may occur simul¬ 
taneously or singly. Some tend to aid each other and others have opposing 
effects. Two which seem to work in conjunction during the day are raising 
of the condensation level due to surface heating and lowering of the base 
of the inversion due to divergence in the sea breeze (Heiburger, 4)* 

Figure XII shows the effect of (BI-LCL) on time of clearing below five 
tenths. The trend is for thin layers of cloud to break earlier than thick 
layers. The slope and height of the inversion also affect time of clearing 
(Krick, 2) in that they control the area A-l-2-3 of Figure III. These com¬ 
bined with local adveotlon tend to make the distribution of Figure XII 
scattered. The correlation is obviously quite low and computation does not 
seem warranted. There does seem to be a tendency for stratus to break: 
either by 1200 or after 1900. The many factors involved in the breaking 
time of stratus make statistical analysis complicated and prediction diffi¬ 
cult. Successful forecasting of stratus will involve prediction of the 
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Figure XU 









vertical state of the atmosphere over the station* fhe main tool in this 
prediction is the Raysonde sounding* Tfhile the tipper part of the sounding 
may have aignifioor.ee in showing sub si donee* only the part between the 
surface and the top of the inversion need be predicted for stratus fore¬ 
casting. 

To determine some of the variations in the sounding from day to day 
180 Oakland RAOBs were examined (two a day at 0700 and 1900 P.S.T.)*Tabl« 

% shows a period typical of the series* In general, the base of the inver¬ 
sion is higher at 0700 than at 1900* It has been shown (Neiburger, 4) that 
a diurnal movement of the inversion is to be expected with low height during 
the day and greater height at night (leiburger, 4)* The maximum and mini¬ 
mum points of this oscillation do not occur at any regular time. Because 
of this* examination of the standard soundings gives only a hint as to the 
character of oscillation. The turbulence of the marine layer tends to raise 
the base of the inversion and subsidence tends to lower it. Since the marine 
stratum was very consistent in having a near-dry-adiabatic lapse rate, in¬ 
dicating that the turbulence faotors were nearly constant, it is to be 
expected that parameters involving subsidence should show correlation with 
the height of the inversion* Such a correlation is shown In Figure XIII* 

The difference in sea level pressure between San Francisco and Fresno,dp* 
was observed at 2230 P.S.T. ami compared with the height of the inversion 
on the next day's 0700 sounding. The r for this distribution is .635 and 
the standard error of estimate is 460 ft. The regression equation is 

BI » .388 A p+3.0 

with HI in hundreds of feet and A p in tenths of millibars. Values of BI 
over 2600 ft* were omitted beoause the sea level gradient did not seem to 
be the controlling faotor above this height. The tendency for high values 
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TABLE 2 


DAILY CHECK OF INVERSION HEIGHTS OH THE OAKLAND SOONDIHO 


' t *; 

Date 

Time 

Height of Upper 
Inversion, 
Hundreds of Feet 

Height of Boundary 
Inversion, 
Hundreds of Feet 


May 

3 

0700 

62 

20 

3.7 


1900 

42 isoT. 

26 wk. 


4 

0700 

none 

22 

2.7 


1900 

90 

00 


6 

0700 

49 isoT. 

8 

3.4 


1900 

none 

3 


6 

0700 

108 wk. 

14 

4.0 


1900 

20 

11 

1.7 

7 

0700 

1900 

Ms sing 

128 

none 


8 

0700 

116 

none 

2.1 


1900 

116 wk. 

16 


9 

0700 

53 isoT, 

22 

2.7 


1900 

31 

10 wk. 


10 

0700 

180 wk. 

20 

3.1 


1900 

37 

12 


11 

0700 

180 wk. 

20 

4.4 


1900 

none 

18 


12 

0700 

132 

22 

3.4 


1900 

112 

27 


13 

0700 

none 

37 

3.4 


1900 

67 isoT. 

41 


14 

0700 

non© 

22 

2.0 


1900 

45 

5 wk. 


16 

0700 

48 IsoT. 

16 

4.4 


1900 

62 wk. 

12 


16 

0700 

none 

23 

3.0 


1900 

none 

none 


17 

0700 

88 

none 

0.4 


1900 

68 

none 


18 

0700 

none 

48 

0.0 


1900 

none 

none 


19 

0700 

100 

30 

0,3 


1900 

60 

none 


20 

0700 

none 

none 

0.6 


1900 

none 

none 


21 

0700 

non© 

none 

2.0 


1900 

86 

34 isoT. 


22 

0700 

60 36 

8 

2.7 


1900 

none 

4 


Key* wk. «• weak inversion less than 1 deg. c or isoT* Loss than 20 mb. 
iso?. - isothermal layer. 
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BI vs A p 




of BI to follow high values ofAp Is probably due to predominance of oyolonie 
flow in this situation. The low values of A p probably represent domination 
by the Pacific high, antioyclonic flow, divergence in the lower layers, and 
low values of BI* In Table 2, the period May 16-21 indicates that lew values 
of Ap may also be associated with non-occurrenoe of inversions. In this 
case low inversions could be explained as being primarily thermal in origin. 
Both of these effects are shown in Figure XIII. Values of BI less than 
900 ft. group around values of 4p less than 3 mb. AtAp s 2 mb* a discontinu¬ 
ity occurs and the distribution shifts to 1200 ft. and above thus indicating 
the change from thermal control to control by the pressure gradient. 

The high altitude inversions my be Important in detecting subsidence. 
These inversions seem to move down the sounding and eventually merge with 
the boundary inversion and strengthen it. The boundary inversion tends to 
disappear only when the pressure gradient is weak or when no high inversions 
are available to strengthen or reestablish it* 

Fog may result from the building down of th® stratus until it reaches 
the surface. This effect is usually combined with radiation and adveetion. 

Any one of these items may cause fog by itself. Adveetion fog may usually 
be observed over the ocean for a considerable period before it moves in. 

Due to the location of hills around this area Monterey is generally the 
last to be olosed in by adveetion fog. In general if advocted air is cool 
enough to oause fog or stratus, it will already have fog or stratus in it 
(Heibergor, 4), It is therefore clear that the subsidence inversion is an 
added item to consider in making a fog forecast. In other words, the possi¬ 
bility of radiation reinforcing a low inversion, and the downward movement 
of the condensation level along the sounding must be considered in addition 
to the usual variables usually considered in a fog forecast# 
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CHAPTER IV 
CONCLUSIONS 

Ho simple rule for forecasting stratus was developed In this research. 
Accurate forecasting of stratus will depend on a correct prognostic sound¬ 
ing* The vertical movement of the inversion makes it necessary not only to 
predict a sounding for a given time but also to predict variations in it 
during the forecast period* 

The large scale circulation does show some correlation with the occur¬ 
rence of stratus as is shown in Chapter II* Local effects, particularly 
wind, are most likely the cause of the low values of the correlation coef¬ 
ficients obtained. The thermal low seems to have a greater effect on stratus 
at Monterey than the other large scale features of the surface weather map. 
Per this reason, it should be considered more carefully than the other 
systems i,n making a forecast. The effeot of the local winds indicates that 
a very close analysis in the vicinity of Monterey is essential to good 
forecasting. 

The LCL gives a fair estimate of cloud height thus Indicating that the 
stratus is of convective origin. (BI-LCL) shows a fair correlation with 
the total cloudiness during the day, but does not correlate well with the 
time of breaking. A method is available (Kriok, 2) for forecasting time of 
breaking when the vertical struoture of the atmosphere is known* Presumably 
this would work with a forecasted sounding. It is suggested that a statis¬ 
tical check of this method be made when daily soundings booome available 
at Monterey* 

Height of the inversion shews fair correlation with the eoast-to-inland 
sea level pressure gradient* A further suggestion is that a better seleotion 
of times and stations might produce a higher correlation between these vari- 

ables* 
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Tho soundings now available do not give a very complete description 
of the variations of tho vertioal struoture of the atmosphere over 
Monterey. If equipment does become available for frequent soundings, it 
Should sake possible the development of rules for predicting the vertical 
distribution of moisture and temperature over this station, and Improve 
the accuracy of stratus forecasting. 
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